Pesticides pose serious threats to both human health and the environment. In Europe, farmers are encouraged to reduce their use, and in France a recent environmental policy fixed a target of halving the pesticide use by 2018. Organic and integrated cropping systems have been proposed as possible solutions for reducing pesticide use, but the effect of reducing pesticide use on crop yield remains unclear. Here we use a set of cropping system experiments to quantify the yield losses resulting from a reduction of pesticide use for winter wheat in France. Our estimated yield losses resulting from a 50% reduction in pesticide use ranged from 5 to 13% of the yield obtained with the current pesticide use. At the scale of the whole country, these losses would decrease the French wheat production by about 2 to 3 millions of tons, which represent about 15% of the French wheat export.
T he average yield of cereal crops increased by more than 98% worldwide, and by more than 187% in France from 1960 to 1990 1 and part of this dramatic yield increase is due to the increasing use of pesticides. However, farmers and agricultural scientists have now to deal with a paradox: due to a rapidly-growing population and to the lack of availability of new farmland, it will be necessary to continue to increase crop yields in the future 2 . On the other hand, it is necessary to reduce the harmful effect of pesticides on human health and on the environment 3 . Several studies have shown that exposure to pesticides poses serious threats to human health of both professional (especially farmers) and rural populations 4, 5 and that high levels of pesticide applications can harm water quality and biodiversity, especially in western Europe 6 . In France, 37% of mean pesticide concentrations in watercourse did not conform with the quality standard established by the European Water Framework Directive for drinking water (0.5 mg l 21 for total pesticides 7 ) in 2011 8 . In order to alleviate this problem, an environmental policy was adopted in 2008 in France aimed at reducing pesticide use by 50% by 2018 9 , but it remains unclear to what degree pesticide use reduction causes yield losses.
Organic and/or integrated cropping systems have been proposed to reduce pesticide use and pesticide exposure in areas where pesticide doses are high 10, 11 . Organic systems aim to produce food with minimal impact on humans, animals and ecosystems, by using no synthetic inputs (mineral fertilizers, pesticides). Widespread adoption of these zero-pesticide systems in areas where pesticides are currently used at high levels will strongly decrease pesticide exposure, but it is also likely to result in high yield losses. Two recent meta-analyses showed that the substitution of conventional high-input systems with organic systems would lead to 19 to 34% of yield loss 12, 13 , which could be disastrous in view of the current challenge of feeding 9 billion people by 2050 14, 15 . In integrated cropping systems, pesticides are used to control pests and diseases only when a risk of damage is established, and pesticide sprays are reduced as much as possible by using other cropping practices aiming at reducing the occurrence of pests and diseases (e.g. resistant cultivars, minimum tillage, lower nitrogen fertilizer rates) 11, 16 . Potentially, these systems can lead to higher yields than organic systems and to lower pesticide use than conventional high-input cropping systems. They can thus represent an interesting compromise between organic and high-input cropping systems. For some crops, they may also be more profitable for farmers than high-input systems 17 . A great diversity of integrated systems exist, which include varying levels of pesticide use that may lead to different levels of yield loss compared to high-input conventional systems.
Here we use a set of cropping system experiments to quantify the yield losses resulting from a reduction in pesticide use for winter wheat in France. We chose to focus on winter wheat because wheat is the first crop grown in terms of acreage in France and in the world 1 . Our dataset includes 176 wheat yield measurements obtained in organic, integrated, and conventional systems in four different sites in France located in major wheat-producing areas (two sites in the Paris area, one in Toulouse, and one in Dijon; supplementary material S1). In these experiments, the level of pesticide use was described by a synthetic indicator: the Treatment Frequency Indicator (TFI). TFI is equal to the sum, for the various applications, of the ratio of the applied pesticide dose to the national recommended dose: TFI~X T AD T = RD T , where T is the index of pesticide product, AD is the applied dose per hectare and RD is the recommended dose per hectare 18, 19 . This indicator allows us to describe pesticide use through a single synthetic variable; it takes into account all the pesticide treatments applied in a given crop field (except for the seed treatments), and weights the applied pesticide doses according to the recommended doses in order to take the intensities of the pesticide treatments into account. TFI was calculated for the 176 wheat plots included in our dataset, and was related to wheat yields using several statistical models. The fitted models were then used to estimate the yield loss induced by different levels of pesticide use reduction.
Although the tested cropping system experiments were designed to generate limited yield losses compared to conventional systems, some of the wheat plots included in our dataset were affected by weeds, pests and diseases. Levels of disease and pest infestation have been measured in a few plots, but not systematically. Several plots in Dijon were infested by Alopecurus myosuroides, an important weed species, and the density of this species varied across cropping systems 20 . In the Versailles experiment, several plots were found infected by leaf spot 21 and eyespot 22 fungal diseases. Other factors may have also limited yield, such as nutrient and water deficits, high temperature effects, or frost damage. Wheat limiting factors are potentially very numerous and difficult to select, and their effects are difficult to estimate accurately using classical regression 23 . In this study, we consider these limiting factors as unmeasured variables, but we did not assume that these factors were absent, and we tried to account for their potential effects when estimating the effect of pesticide use reduction. Several authors have pointed out that the estimated effects for the measured explanatory variable were not well represented by variation in the means and medians of response variable distributions, when there were other unmeasured factors that were potentially limiting 24 . This being so, there may be a weak relationship between the mean (or the median) of the response variable (here, yield) distribution and the measured explanatory variable (here, TFI), but there may be a stronger relationship with the other parts of the response variable distribution where the unmeasured limiting factors have small effects 24 . When the interaction between the measured and unmeasured explanatory variables is negative, changes near the maxima of the response distribution, rather at the centre of the response distribution, are better estimates of the effect of the measured explanatory variable. Conversely, when the interaction is positive, changes near the minima lead to better estimates 25, 26 . In this study, the central and the extreme parts of the yield data distribution were both investigated using two statistical methods, quantile regression 27 and stochastic frontier analysis 28 . Quantile regression was used here in order to explore different parts of the yield distribution corresponding to different quantiles. The stochastic frontier model allowed us to determine a function relating the maximum possible yield value that can be achieved for a given value of TFI. With both methods, two functional forms were considered successively for relating yield to TFI; a linear function relating logtransformed yield to log-transformed TFI (referred to as log function), and a quadratic function directly relating yield to TFI. The pesticide use reduction effect was estimated using the two statistical methods and the two functional forms in order to analyse the sensitivity of the results to the statistical model assumptions.
Results
Measured values of grain yield and TFI ranged from 2.1 to 10.1 t ha 21 and from 0 to 9.4 respectively (Figure 1 ). This range of TFI values includes the mean value of TFI, namely 4.1, reported for wheat in France in 2006 and derived from a national survey on crop management practices 29 . This survey (''Enquête sur les Pratiques Culturales'') was conducted to collect farming practices for 12,900 fields considered as representative of main field crop production in France; soft winter wheat represented about 27% of surveyed fields 30 (see Supplementary material S1). As no survey has been published between 2006 and the onset of the environmental program (2008) 9 , the TFI 4.1 value is used here as a reference describing the current pesticide use level for wheat in France. In France, the average wheat yield between 2008 and 2012 was 7.11 tons per hectare 1 . This value is close to the median yield value estimated in our study for this TFI.
The fitted yield response curves obtained are located in different parts of the yield data distribution depending on the quantile value ( Figure 1 ). They are located in the centre of the yield data distribution when the quantile is set at 0.5 (median), and in the upper and lower parts of the yield data distribution when the quantile value is set to a higher or lower value respectively ( Figure 1 ). Most of the fitted curves appear to be rather parallel, with some exceptions for the most extreme quantiles. The estimated parameter values were all significantly different from zero (p , 0.01) with one exception; the parameter values of the quadratic function fitted for the 90% percentile. The shapes of the fitted responses of yield to TFI are different depending on the response functions ( Figure 1 ). With the log function, grain yield is described as an increasing function of TFI for the whole range of TFI values ( Figure 1A ). On the other hand with the quadratic function ( Figure 1B) , yield increases as a function of TFI only when TFI is below a threshold falling between 6 and 8, depending on the quantile. Above this threshold, yield decreases as a function of TFI. The only exception is the quadratic response curve fitted for the quantile 0.9; this curve does not include any yield-decreasing part for the whole range of TFI values considered in this study.
The two yield response curves obtained using the stochastic frontier analysis method lie in the upper part of the yield data distribution ( Figure 2 ). The estimated parameter values were all significantly different from zero (p , 0.01). Their shapes depend on the function considered and show an increasing trend with the log function, and an increasing and then decreasing trend with the quadratic function. The confidence interval is narrower with the log function than with the quadratic function ( Figure 2 ). The level of uncertainty associated with the fitted yield response curve is thus higher when the quadratic function is used. The width of the confidence interval increases as a function of TFI, revealing higher uncertainty for high TFI values than for low ones ( Figure 2 ). Wider confidence intervals were also obtained for high TFI values with the quantile regression method (Supplementary material S2).
Based on the results obtained using the quantile regression method and the log function, yield losses induced by a 50% reduction in pesticide use (from TFI 5 4.1) range from 0.39 t ha 21 to 0.59 t ha
21
, depending on the quantile value ( Figure 3A ). The estimated yield losses are higher with the quadratic function ( Figure 3B ); they range from 0.69 t ha 21 to 0.88 t ha 21 , depending on the chosen quantile. With both functions, there is no clear relationship between the estimated yield loss and the quantile. The quadratic function and the lowest quantiles (0.1) generate wider confidence intervals and, thus, more uncertain estimates ( Figure 3 , Table 1 ). According to the results of the stochastic frontier analysis method, the yield loss induced by a 50% pesticide use reduction is 0.47 and 0.83 t ha 21 with the log and quadratic function respectively (Table 1) . With this method also, the confidence interval is wider with the quadratic function.
According to the results of the quantile regression method, zeropesticide systems, as compared to a TFI of 4.1, would generate a yield loss ranging from 1.91 to 2.57 t ha 21 based on the log function and from 1.33 to 2.33 t ha 21 based on the quadratic function ( Figure 3 ). The confidence intervals associated with these estimates are wider than those obtained for the yield loss estimates resulting from a 50% pesticide use reduction, especially for the two most extreme quantiles (0.1 and 0.9). If we exclude these two quantiles, yield loss associated with zero-pesticide cropping systems ranges from 1.73 to 2.43 t ha 21 . According to the results of the stochastic frontier analysis method, the yield loss induced by zero-pesticide cropping system would be equal to 2.33 t ha 21 based on the log function and to 1.98 t ha 21 based on the quadratic function ( Table 2) .
Discussion
In our study, the effect of reducing pesticide use was assessed using a synthetic indicator, TFI. It is recognized that different pesticides have different impacts on yield, on farmers' costs, on the environment, and on human health 5, 31 . Our indicator takes part of these differences into account through the use of the recommended doses. An advantage of this indicator is that it allows us to evaluate the consequence of an overall reduction of the level of pesticide use using a single response function. However, it did not allow us to determine whether specific pesticide types (e.g. herbicides, insecticides or fungicides) should be reduced in preference to others. As fungicides and herbicides contribute to about 77% of the TFI values of winter wheat 32 , a substantial reduction of these two pesticide types will be required to halve TFI values.
Estimated yield losses obtained with quantile regression and stochastic frontier analysis were similar. As the fitted curves are all almost parallel, values estimated by quantile regression were not very sensitive to the chosen quantile; the estimated effects of a TFI decrease on yield were similar for all quantiles of the yield data distribution. Based on the reasoning of previous studies 25, 26 , this result is due to either a small interaction between TFI and the unmeasured factors, or an additive interaction in the situations considered in our dataset. The use of the quadratic function led to higher estimated losses with both statistical methods. Compared to the quadratic function, we found that the log function led to a less uncertain estimated yield loss, especially for high levels of pesticide use (Figure 1; Supplementary material S2) . The shape of this function also appears more consistent with the results of previously published papers showing that a decrease in pesticide use tends to penalize yield and increase the risk of crop failure 33, 34 . The yield-decreasing part predicted by the quadratic function for high values of TFI probably reflects situations where pest and disease pressure was high and where pesticide treatments were not able to fully control pests and diseases.
Our results show that the potential grain yield loss caused by a 50% TFI reduction from current use in winter wheat is limited and is much smaller than the loss attributable to the adoption of a zeropesticide system (0.4-0.9 t ha 21 vs. 2-2.3 t ha 21 respectively). These results indicate that the adoption of integrated wheat cropping systems would probably not lead to yield losses exceeding 5 to 13% of the yield values obtained with the current level of pesticide use. These low yield losses may result from the adaptations of different components of the cropping system, such as the crop sequence, the nitrogen fertilization, and the cultivars. These adaptations could reduce the risks of pest and disease occurrences. However, even with the smallest estimated grain yield loss, a 50% TFI reduction may not be profitable for farmers. Indeed, a reduction of 50% of the TFI in France for winter wheat would decrease pesticide costs by about 66 euros per hectare 29 . With current wheat prices of more than 200 J per ton 35 , a grain yield loss of 0.4 t ha 21 due to a 50% TFI reduction would not be fully compensated by the pesticide cost reduction (0.4 t ha 21 * 200 euros t 21 5 80 euro t 21 ). If wheat prices fall below 165 J per ton (as in 2010), it would then become profitable for farmers to adopt environmentally-friendly practices decreasing TFI by 50%. This calculation is based on the lowest estimated yield loss of all our estimates. If the highest estimated yield loss is considered (0.9 t ha 21 ), the cost of a 50% reduction in pesticide use will become lower than its benefit only for wheat prices below 74 euros per ton.
Note that these calculations do not take into account the costs induced by possible changes in other cropping practices that may be associated with pesticide use reduction, such as in sowing density, fertilization, or mechanical weeding.
At the scale of the whole country, the yield loss induced by a 50% decrease in pesticide use would decrease the overall French wheat production by about 2 to 3 millions of tons based on the average of the last five years' wheat acreages , the TFI has slightly decreased in 2011 (TFI 5 3.8 32 ). According to our models, this decrease of pesticide use may have generated yield losses ranging from 0.05 to 0.1 t ha 21 . These losses are small but may partly explain the yield plateau recently observed in France for wheat 37 . On the other hand, a 50% reduction of pesticide use would decrease the annual pesticide loss into water, reducing the costs of water purification. The French Ministry of Ecology, Sustainable development, Transport and Housing assessed in 2011 the cost of treating the annual inputs of pesticides to surface and coastal water at between 4 and 15 billion euros 38 . The economic gain may be substantial but is difficult to quantify.
In our study, depending on the estimation method and on the response function, yield losses estimated for zero-pesticide systems varied from 2 to 2.3 t ha 21 . These estimates are higher than the values reported for zero-pesticide systems in Sweden 39 (from 0.6 to 2.1 t ha 21 . The yield losses obtained in our study for zero-pesticide systems correspond to 24.3 to 33% of the yield estimated with the current pesticide use level. These results are consistent with previous meta-analyses 12, 13 comparing conventional and organic wheat yields (e.g. 27% and 38% of estimated yield loss). In these two studies, yield losses were higher for winter wheat than for other major crops (e.g. corn, soybean). It would thus be interesting to apply the methods presented in this paper to other crops, but the amount of yield data included in our database was too limited to do so. With a wheat price of 200 euros per ton, yield losses of zeropesticide systems are not compensated by the benefit resulting from pesticide use reduction, even if the lowest estimated yield loss is considered.
). Yield losses reported in Sweden and Denmark in other

Methods
Experiments. Experiments located in four sites in France were considered (Supplementary material S1); yields were considered at 0% of humidity. Each experiment tested several cropping systems, considered here as the treatments, which were replicated two to four times depending on the location (Table 3 ). The number of wheat yield data obtained in a given year is lower than Number of cropping systems * Number of replicates because wheat was not grown every year. Details on cropping systems are given in supplementary materials S3 and S4. Yield was measured on each plot (i.e. replicate) with a combine harvester, with 6 samples per plot (between 0.1 and 0.4 ha in total, depending on the experiment).
The first experiment was located at the INRA Auzeville experimental farm close to Toulouse (43.62uN, 1.45uE), from 1995 to 2002, on deep well-drained clay loam soils. The experimental design included 12 plots (about 1.5 ha each). Three different cropping systems (4-year rotations) were randomly allocated to the 12 plots (each cropping system was replicated four times). The three cropping systems were: (1) a ''productive yet environmentally-friendly'' system, (2) a ''technical extensive'' system, and (3) a ''simple rustic'' system. In the first system, maize, soya bean, spring pea and durum wheat or soft wheat were grown, with irrigation when required. In the ''technical extensive'' system, sorghum, sunflower, winter pea and durum wheat or soft wheat were grown, with lower water and nitrogen inputs. In the ''simple rustic'' system, the crops were similar to those in the second system, with no irrigation, reduced crop densities and delayed sowing dates 16 . Herbicides and fungicides were systematically applied in all winter wheat plots but at different rates and frequencies depending on the decision rules adopted in each cropping systems. Insecticides were only applied during two years in the ''simple rustic'' system (see supplementary material S4 for details about pesticide applications).
The second experiment was located at INRA Versailles (48.81uN, 2.14uE) from 1997 until 2012, on deep loamy well-drained soils. The experimental design included two blocks of eight plots. The plot size was 0.5 ha. Four different cropping systems were tested, and each cropping system was randomly allocated to one plot in each block (each cropping system was replicated four times). The tested cropping systems were: (1) a ''highly productive'' system, (2) a ''low input'' system, (3) a ''direct seeding mulch-based'' system and (4) an organic system. In the ''highly productive'' system, the crop sequence was oilseed rape -winter wheat-spring pea -winter wheat, with inputs aimed at reaching the potential yield. The ''low input'' system had the same crop sequence as the first system, but nitrogen fertilization and pesticide use were reduced, as well as mouldboard ploughing frequency (once every two years instead of every year). In the third system, the crop rotation was maize-winter wheat-peawinter wheat. A permanent soil cover was maintained with cash or cover crops. The organic system had a diversified rotation including legumes, with winter wheat every two years. In this system, no mineral fertilizers and pesticides were applied 16 . In the three other systems, fungicides, herbicides and insecticides were applied at different rates in winter wheat plots (See supplementary material S4).
The third experiment has been located at INRA Epoisses near Dijon (47.33uN, 5.03uE) from 2000 until 2012, on drained clay soils. The experimental design consisted in two blocks of five plots each. Plot size ranged from 1.1 to 1.7 ha. Five cropping systems were tested and each cropping system was randomly allocated to one plot in each block (each cropping system was replicated two times). The five cropping systems were: (1) a ''highly productive'' system, (2) an ''integrated weed management system with minimum tillage'', (3) an ''integrated weed management system with no mechanical weeding'', (4) an ''integrated weed management system with mechanical weeding'', and (5) a ''zero herbicide'' system. In the ''highly productive'' system, the crop sequence was oilseed rape -winter wheat-winter barley, with chemical weeding. In the second system (minimum tillage), a six-year rotation was used (winter cereals, spring barley, soya bean and oilseed rape), with no mouldboard ploughing and no mechanical tillage. The third system (no mechanical weeding) was similar to the ''minimum'' tillage system, except that mouldboard ploughing was performed once every two years. In the fourth system (with mechanical weeding), sugar beet was introduced into the rotation; mechanical weeding was used and chemical control was limited as much as possible. The ''zero herbicide'' system was similar to the previous system except for chemical weed control 16 . Different pesticide applications were used in the five cropping systems (see supplementary material S4).
The fourth experiment has been located at INRA Grignon, close to Paris (48.50uN, 1.57uE), from 2008 until 2012, on deep loamy well-drained soils. The experimental design included three blocks of 4 plots. The plot size was 0.4 ha. Four cropping systems were tested and each cropping system was randomly allocated to one plot in each block (each cropping system was replicated three times). The cropping systems were: (1) a ''productive system with high environmental performance'', (2) a ''low greenhouse gas emissions'' system, (3) a ''low energy consumption'' system and (4) a ''no pesticide'' system. In the first system, the crop sequence was winter field beanswinter wheat-winter oilseed rape -winter wheat-spring barley, with mustard as a catch crop before the barley. In the second system, the crop sequence was spring field beans -winter oilseed rape-winter wheat-winter barley -maize -triticale. Various species as cover crops were always sown before each spring crop. In the third system, the crop sequence was winter wheat-winter flax -mixed winter wheat and cloverspring oats -winter field beans, with clover as a cover crop before oats. In the fourth system, the crop sequence was spring field beans-winter wheat -hemp-triticalemaize -winter wheat, with cover crops before hemp and maize. The four cropping systems differed in terms of crop sequence, use of cover crops, soil tillage, weeding methods, fertilization practices, and pesticide use intensity (see supplementary material S4 for details).
Indicator for pesticide use intensity. Only wheat crop was considered in this study. Detailed cropping characteristics of these plots are summarised in Supplementary material S3 to S4. The Treatment Frequency Index 21, 22 was calculated for 176 wheat plots as follows:
where T is the index of pesticide product, AD is the amount applied per hectare and RD is the recommended amount per hectare. The recommended pesticide rates were extracted from the e-phy database provided by the French Ministry of Agriculture 42 . All pesticide products are considered in this indicator, except for the seed treatments. This indicator is similar to that used in previous studies in Germany 43 except that ours is calculated for each pesticide product whereas theirs is calculated for each active substance.
Statistical methods. The statistical analysis was carried out with R software version 3.0-2 (http://www.R-project.org/) using the package quantreg version 5.0-5 (http:// cran.r-project.org/web/packages/quantreg/index.html) and the package frontier version 1.1-0 (http://cran.r-project.org/web/packages/frontier/index.html).
Quantile regression 27 is a method for estimating functional relations between variables for all portions of a probability distribution. These models are useful when the response variable is affected by more than one factor, when factors vary in their effect on the response, when not all factors are measured, or when the multiple limiting factors interact. Quantile regression was used for estimating the relationship between yield Y and TFI for all portions of the probability distribution of Y. These portions were defined as quantile values. An interesting feature of this approach is that no assumption is required about the probability distribution of the measurements as the function parameters are estimated by a non-parametric technique that consists of minimizing a sum of weighted absolute differences between observations and predictions. The yield was related to TFI using two functions, a log function defined by log(Y) 5 h 0 1 h 1 log(TFI 1 0.1), and a quadratic function defined by Y 5 h 0 1 h 1 TFI 1 h 2 TFI 2 where h 0 , h 1 and h 2 are the parameters of the response functions. The parameters were estimated for several quantiles ranging from 0.1 to 0.9 with a step of 0.1 using the rq function of the quantreg R package.
Stochastic Frontier Analysis was used to estimate a production frontier 28 relating the maximum yield values that could be reached for a wide range of TFIs. Two types of model were tested. The first one related log-values of yield to log-values of TFI: log(Y i ) 5 h 0 1 h 1 log(TFI i 1 0.1) 1 v i 2 u i , where i is the data index, Y is the grain yield, h 0 and h 1 are the parameters of the response function, v i is the stochastic error term and u i is the technical inefficiency (effect of limiting factors other than TFI). The second model was defined by Y i 5 h 0 1 h 1 TFI 1 h 2 TFI 2 1 v i 2 u i , where h 0 , h 1 and h 2 are the parameters of the response function. The error terms v i were assumed identical and independently normally distributed. The inefficiency terms u i were assumed to have a half-normal distribution. Parameters were estimated by maximum likelihood using the sfa function of the frontier R package.
We calculated the 95% confidence intervals by using a bootstrap method 44, 45 . Data were sampled with replacement 1,000 times, and the models were fitted to each of the generated samples in turn. The fitted models were used to compute yield losses resulting from a 50% and 100% reduction of TFI compared to the reference value of 4.1.
